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Introduction
Cheap, compact and reliable 1.55 μm wavelength semiconductor mode-locked lasers (MLLs) with a 240 GHz pulse repetition rate operating with high power and a wide operation range are highly desirable for ultrahigh bit-rate time-division multiplexed (TDM) optical networks, high speed signal processing and wireless transmission of multi-channel non-compressed high definition television signals due to the pulse repetition frequency being located in one of the atmospheric windows. Recently, 1.55 μm quantum-well (QW) and quantum-dash MLLs with short cavity lengths have been demonstrated with pulse repetition frequencies >100 GHz [1, 2] . However, the output power from short cavity length devices is limited by thermal and gain saturation effects. Greater pulse-repetition rates can be achieved with a longer cavity using harmonic modelocking (ML) techniques, and one way to realize this is to use the colliding-pulse ML (CPM) configuration [3] [4] [5] . The monolithic CPM laser is a compact light source which is thermally and mechanically very stable, and can be made using relatively simple fabrication processes, while having less stringent cleaving tolerances compared with the compound-cavity design [6] .
In order to increase the average output power of CPM lasers without increasing the duration of the pulses, an epitaxial design was developed with a smaller number of QWs [7, 8] resulting in reduced internal losses (α i ) and a high saturation energy (E sat = hνA/(Γdg/dN), where hν is the photon energy, A is the mode area, dg/dN is the differential gain, and Γ is the optical confinement factor). Fewer QWs result in a reduction of α i , Γ and dg/dN, and thus provides a higher E sat which is essential to deliver stable ML operation [8] . In order to further increase the average output power whilst enlarging the range of bias parameters to enable ML without increasing the pulse pedestal, the modal area A should be increased, which will naturally decrease the value of α i and Γ, and increase the value of E sat . This also has the benefit of reducing the angular spread of the far-field pattern (FFP), enabling a simplified, and high-yield optical alignment when used in practical applications.
In this work, we have used the epitaxial laser structure previously reported in [9] . The active region has three 6 nm thick compressively-strained (+1.2%) AlGaInAs QWs and four 10 nm thick tensile-strained (−0.3%) AlGaInAs quantum-barriers. The design incorporates a 160 nm thick 1.1Q (In 0.85 Ga 0.15 As 0.33 P) far-field reduction layer (FRL). Due to the finite carrier recovery time, an increase of the ML frequency or a reduction of the pulse width is often accompanied by the formation of pulse pedestals. These pedestals cause degradation in the signal to noise ratio and increased timing jitter. By using an AlGaInAs active layer, we have reduced the recovery time Laser Physics Letters 240 GHz pedestal-free colliding-pulse mode-locked laser with a wide operation range to <5 ps [10] , achieving exceptional mode-locking characteristics with a negligible pedestal at 240 GHz. The low Γ value (2.19%) brings the following benefits: (1) reduced coupling of amplified spontaneous emission (ASE), (2) a reduction in selfphase modulation (SPM), (3) reduced waveguide dispersion [11] , and (4) a low α i (8 cm −1 ). These benefits along with the increased spot size and long cavity (1070 µm) enable the laser to operate with a high output power and stable short pulse ML operation over a wide range of drive parameters.
By fabricating devices with the sixth-harmonic CPM configuration described in [5] , we have developed a 240 GHz CPM laser operating at 1.55 μm. We show that the three-QW based design has a substantially wider operation range than the equivalent and conventional five-QW based counterpart. Furthermore, we present a comprehensive mapping of the ML regions as a function of the applied drive parameters.
Device structure and fabrication
The fabricated devices have a total length (L) of 1070 μm, three 20 μm long saturable absorbers (SAs) located as shown in figure 1, i.e. one SA located in the middle of the cavity, and the other two SAs located at L/6 from each of the facets. Such a configuration supports ML at the sixth harmonic [5] . The three SAs were electrically connected using a single contact. The remaining four sections were also electrically connected using a single contact (figure 1) and forward biased to provide gain. Electrical isolation between the electrodes was obtained by wet etching 10 μm wide and 200 nm deep slots in the contact layer. The laser fabrication process was similar to that described in [9] . As a final step, the sample was cleaved into individual laser bars with both facets left uncoated. The devices were mounted epilayer-up on a temperature controlled heat sink set at 20°C and tested under CW conditions. Figure 2 shows typical light-gain current (L-I Gain ) characteristics with different reverse bias values applied to the SA sections (V SA ) of the laser. The threshold current and single facet slope efficiency with the SA sections unbiased were 48 mA and 14.2% W/A, respectively. Increasing the V SA increased the threshold current and reduced the slope efficiency as a result of the increased absorption. Kinks were observed when |V SA | > 1.5 V. These are caused by thermal detuning between the gain and SA sections and are associated with a longitudinal mode-hop (see figure 4) . The α i value for the epitaxial design was measured using the Hakki-Pauli method and was as low as ~8 cm −1 and the differential modal gain value was as low as ~2.7 × 10 -17 cm 2 [9] . The divergence angles for the horizontal and vertical directions were 12.7° × 26.3° , respectively, while the measured butt coupling efficiency with a single-mode fibre (SMF) was about 20%, double that of a conventional MLL. The −1 dB alignment tolerances in the horizontal, vertical and optical axis have been significantly relaxed [9] .
Device performance
Passive ML of the device was achieved by forward biasing the gain sections and reverse biasing the SA sections. The purest sixth harmonic (i.e. ML frequency (F r ) of ~240 GHz with ~100% pulse modulation with a negligible pedestal), was obtained over a large SA bias range −0.7 ≤ V SA ≤ − 1.9 V and I Gain range as denoted by the blue areas in figure 3(a) . In these areas we observed optical spectra with the longitudinal modes lasing at every sixth mode with a spacing of ~240 GHz (figure 4), and a side-mode suppression ratio (SMSR) for the intermediate (nonlasing) modes at >30 dB. As noted, the wide 240 GHz pure ML range is attributed to the higher E sat characteristics of the gain media and the fast absorption recovery times in AlGaInAs QWs, which has been measured to be <5 ps for an applied reverse bias above 3 V [10] . The ratio of E sat between the gain and absorber media determines the range of stable ML [12] . The SA absorption recovery time determines the highest pure ML frequency achievable, and a recovery time <5 ps is sufficient for producing pure 240 GHz pedestal-free ML pulses [13] .
An area of incomplete ML (IML) within the V SA range from −0.3 V to −0.6 V is identified by the light grey grid area in figure 3(a) , where the corresponding autocorrelation (AC) traces showed signs of a small pedestal (i.e. less than 100% pulse modulation). A ML region where the 240 GHz signal is modulated by a 40 GHz (i.e. the fundamental cavity length frequency) envelope is represented by the red grid area of figure 3(a) , where the 240 GHz longitudinal modes had a SMSR value <20 dB at the central mode. All of these features can be directly linked to the optical longitudinal modal behavior displayed in figure 4 .
From figure 3(b) , it is clear that the measured full width at half maximum (FWHM) of the AC signal is very stable as I Gain and V SA are varied. The FWHM of the AC traces appear to be concentrated near values around 1.5 ps, which deconvolves to a pulse duration of ~1 ps assuming a sech 2 pulse shape. This shows the pulse width of the 240 GHz CPM laser is very stable and insensitive to the applied bias conditions. This consistency in pulse width is a favorable feature of our MLLs, which confirms the laser is thermally and mechanically stable. Figure 4 shows the wavelength map as a function of I Gain for V SA = −1.6 V to −1.9 V. In the pure ML range, the 240 GHz lasing modes are clearly observable with the longitudinal modes present at every sixth mode. The central mode has a SMSR of >30 dB. On the other hand, in the area characterized by 240 GHz ML modulated by 40 GHz ML, the SMSR of the central mode was <20 dB. Consistent with figure 2, longitudinal mode hopping occurs at the points where kinks are observed in the L-I curves. When V SA was increased, the maximum I Gain value for pure 240 GHz ML to occur was also increased, which is consistent with that shown in figure 3(a) .
The laser output characteristics for I gain = 220 mA and V SA = −1.9 V are shown in figure 5 . The average period of the measured emitted pulse train was 4.1 ps ( figure 5(a) ), corresponding to an F r of 241 GHz. The autocorrelation width, τ, of an isolated pulse was 1.36 ps, which deconvolves to a 0.88 ps pulse duration Δt assuming a sech 2 pulse shape ( figure 5(b) ). The average output power was 15.7 mW, corresponding to a peak power of 65 mW.
The optical spectrum (measured with a 0.06 nm resolution bandwidth) was centered at 1570 nm with a −3 dB bandwidth of 3.95 nm. As noted, lasing of every sixth fundamental longitudinal mode occurred, and these were separated by ~241 GHz ( figure 5(c) ), consistent with the reciprocal of the pulse duration shown in figure 5(a) , confirming the device was operating as a CPM laser at the sixth harmonic. The timebandwidth product (TBP) of the pulse is equal to 0.42, which is somewhat larger than the transform-limited value (≈0.315) of a sech 2 waveform. This is likely to be due to the spectral broadening caused by SPM occurring mainly in the gain sections [11] .
As anticipated, the equivalent laser fabricated using a five-QW Al-quaternary structure [14] with a Γ value of 5% resulted in a narrower harmonic ML range ( figure 6(a) ) and a lower average output power. Pure ML with ~100% modulation at ~240 GHz was obtained with V SA = −2.0 V, 184 mA ≤ I gain ≤ 196 mA. With V SA = −2.0 V and I Gain = 186 mA, the pulse width was 1.47 ps ( figure 6(c) ), the optical spectral 3 dB width was 3.49 nm ( figure 6(d) ), the mode spacing was 237 GHz which is consistent with the reciprocal of the average period of 4.2 ps shown in figure 6 (b) and the TBP at 0.62. The average power was 11 mW and the peak power was ~28 mW, less than that of the three-QW laser with a FRL structure (65 mW).
Conclusions
In conclusion, we have reported an exceptionally wide ML operation range of a ~240 GHz CPM laser, passively mode-locked at the sixth-harmonic of the fundamental cavity frequency. The device was based on a three-QW AlGaInAs epitaxial structure with a FRL design. Compared to equivalent devices based on conventional five-QW wafer designs, the device featured with a significantly improved ML range, FFP (12.7° × 26.3°), peak power (65 mW), and pulse duration (0.88 ps), and provided a twofold improvement in butt coupling efficiency to a flat cleaved SMF.
